Abstract: A one-dimensional photonic crystal sustaining Bloch Surface Waves (BSWs) is used as a platform for two-dimensional integrated optics. The dielectric platform shows low loss, long propagation distance and high surface field enhancement. In order to study the potential of the platform for future photonic chips, polymer ultra-thin prisms and gratings (∼ 100 nm) are engineered on the top of the platform. This polymer layer modifies the BSWs effective index enabling a direct manipulation of light. The BSW deflection effects caused by surface prisms are observed in the near-field and Snells law is verified; then the BSW diffractions through surface gratings are experimentally and theoretically characterized. The results show a robust platform that can be used for integrated optics that includes different optical components. One of the main advantages is that these 2D photonic devices can have arbitrary shapes, which is difficult to obtain in 3D.
Introduction
Nano-photonics, where optical nano-materials can slow down, trap and manipulate light at the sub-wavelength scale, has become a major research area and is making important advances towards optical communications, nano-imaging and sensing. In particular, two-dimensional (2D) concepts are interesting to realize fully integrated systems and to align components at the nanoscale. The third dimension can be used for monitoring light propagation or for sensing applications. There are few ways of addressing a 2D optical environment. One of the methods is represented by the well-known Surface Plasmon Polaritons (SPPs) on planar or structured metallic surfaces. SPPs are electromagnetic modes sustained at a metallic/dielectric interface resulting in low quality factor [1] [2] [3] . However, the propagation length of SPPs is limited by high absorption losses in metals. A novel low-cost platform suitable for fundamental investigations of light propagation through micro-and nano-structures has been recently proposed [4] . The presented 2D concept based on Bloch Surface Waves (BSWs) is a strong candidate to realize fundamental experiments, as well as entire photonic systems. This platform is based on a dielectric multilayer that sustains Bloch surface waves (BSWs). BSWs are electromagnetic surface waves excited at the interface between a truncated periodic dielectric multilayer and a surrounding media. Compared to the metallic layer for plasmons, a dielectric multilayer for BSWs shows several advantages, which make it a potential candidate for 2D optics. First, due to the use of dielectric material, the losses are very low. Therefore, the multilayer and the coupling configuration can be designed so that BSWs propagate over long distances. Another advantage is the possibility of operating within a broad range of wavelengths. Furthermore, because the maximum intensity associated with the BSW can be tuned on the surface, strong field intensity can be achieved on the interface and thereby enhance the light-matter interaction close to the surface. Additionally, the state of polarization of the BSWs may be chosen either to TE or TM, depending on the design of the multilayer.
In the past decade, BSWs have been reexamined and extensively utilized for mainly sensing applications. Several works have been proposed and demonstrated including experimental determination of BSWs sensitivity [5] , direct comparison of BSWs and SPPs sensors [6] , and the experimentally achieved improvement of sensitivity with BSWs in comparison with SPPs [7] . Among the sensing applications, we may cite those reported on chemical and biosensing [8] [9] [10] , gas sensing [11] , and fluorescence emission enhancement [12, 13] . Consideration of multilayer as a fundamental platform for 2D integrated optics providing sensing functionalities has started with some recent works. Among them, it has been shown by Descrovi et al. [14] that BSWs may be guided thanks to a dielectric waveguide on top of the multilayer. Furthermore, Sfez et al. [15] studied the refraction of surface waves at thin waveguide structures. The vision of the dielectric multilayer as a platform for two-dimensional integrated optics has been studied and demonstrated by studying a 2D lens [4] or simulating high-Q ring resonators [16] .
In the following, we will use an exemplary BSW-sustaining multilayer as a suitable general platform for manipulating and control the BSWs propagation on its surface in the spectral range of telecom wavelengths. Several 2D optical photonic devices can be implemented starting from an ultra-thin (λ /15) polymer layer spun on the multilayer that can be subsequently shaped as desired. In particular, we study the BSW deflection effects caused by surface prisms. An experimental and theoretical study of the BSW diffraction through surface gratings is also performed.
Platform and experimental setup
The platform is designed to work in TE polarization at a center wavelength of 1.5 µm since experiments are carried out using an HP 81682A laser module. The corresponding wavelength ranges between 1.46µm and 1.58µm. The multilayer consists of 12 layers of 263 nm−silicon oxide and 492 nm−silicon nitride, respectively. The refractive indices are 1.45 and 1.79 at 1.5 µm, respectively. On the top an 80 nm−thick layer of silicon nitride is deposited. The wide band-gad pf the multilayer (Bragg) allows a high tolerance in the fabrication process. Errors produced in fabrication can be easily compensated by adapting the coupe wavelength and incident angle. The thickness of the top layer defines the location of the dispersion line in the band gap, consequently, the properties of the propagation mode on the platform. Positive photoresist is then deposited on the platform. The presence of the polymer modifies the local effective refractive index, enabling direct manipulation of the BSW. The modification of the top surface to customize a 2D micro-system can be produced using e-beam writing, optical lithography or other patterning techniques. The propagation of surface waves through optical structures can be monitored by near-field imaging. A multi-heterodyne scanning near-field optical microscope (MH-SNOM) that allows amplitude, phase and polarization measurement is used in our experiments [15, 17] .
The experimental setup is shown in Fig. 1 (a) BSWs are excited using the Kretschmann configuration under the condition of total internal reflection (TIR). The sample (glass substrate with multilayer) is placed on a prism with index matching oil. The incident beam having an angle θ with the normal of the platform should match the following condition: β = k sin θ in order to allow the excitation and the propagation of the BSW in the y-z plane. k = n g .2π/λ is the wave vector of the incident beam, β is the wave vector of the BSW, and θ is the incident angle. The different parameters of the platform are chosen so that the structure sustains BSWs and thus the mode can be confined at the top layer as shown in Fig. 1(b) . The reflectance map, calculated using the transfer matrix method, is plotted as a function of the wavelength and the incident angle as shown in Fig. 1(c) . The BSWs appears as a deep-dip below the light line. By adding a polymer layer on the top, the local effective index is modified as a function of its thickness, leading to a shift of the BSW. Thus, an effective index contrast (∆n) is created between the photoresist and the platform. The refractive index contrast is defined as the difference between the effective index of the BSW mode on bare platform (n Plat f orm ) and the effective index of BSW mode for PR-coated platform (n PR ). This ∆n is a key parameter for integrated optics, it is defined by the photoresist thickness and is limited by the band gap width. It is deduced from the dispersion relation: n BSW = β c/ω. In this work, prism and gratings are fabricated by a 100−thin layer of AZ1518 photoresist. The refractive index contrast is of ∆n = 0.05.
In order to experimentally deduce the decay length,L, the field amplitude is measured as a function of the distance. By fitting this curve by an exponential law, we experimentally obtained a decay length of 628 µm [4] , 7 times greater than the value recently obtained for the long-range SPPs studied by Lin et al. [23] . This corresponds to a propagation loss of 60dB/cm. Note that this value is far from the lower loss limit of the system. This decay is caused by the absorption of the material, surface scattering and the leakage into the prism. Since silicon nitride is low absorbent in the near infra-red and the fabrication show low roughness of the multilayer surfaces, the surface mode is weakly scattered by the film roughness. Thus the BSW amplitude is essen-tially attenuated by the leakage into the prism. Nevertheless, leakage loss reduction should be possible by increasing the multilayer period number or adapting the coupling configuration
Two-dimensional polymer prism
In this section, we study a 2D prism working in total internal reflection (TIR). The device is schematically illustrated in Fig. 2(a) . The incident beam is injected from the glass side of the platform. For a chosen incident angle of θ = 52.2 • , which is higher than the critical angle for PR-coated platform (n c = 40.8 • ), the wavelength that allows the excitation of BSWs corresponds to 1542.2 nm. The incident beam is injected through through the prism. The projection of the focused spot on the platform has a diffraction-limited spot diameter of 30 µm in the coupling zone and propagates in the z direction. The incident beam is directed onto a 2D right angled polymer prism deposited on the multilayer platform. The prism is defined by its hypotenuse Λ. An example of prism topography (Λ = 141.42 µm) is given in Fig. 2(b) . The refractive index of the multilayer materials remain the same as those measured in the previous section of this paper because we are using the same platform. To work in TIR, the incident angle must be greater than 72.83 • . As shown in Fig. 2(a) , ξ is defined as the angle between the prism hypotenuse and the y−axis; η is the angle between the transmitted beam and the prism hypotenuse. We take an angle ξ of 74.8 • and the wavelength of the incident beam is fixed to 1542.2 nm. The TIR effect is clearly seen in the measured near-field intensity distribution displayed in Fig. 2(c) . An interference phenomenon appears at the top and the vicinity of the prism while almost no transmission of the electric field is seen at the left side of the prism.
The pattern is due to the interference between the transmitted beam T and the total internal reflected beam R as shown in the schematic of Fig. 2(a) . In Fig. 2(d) , we show the measured phase distributions in a 10 µm×10 µm area, which corresponds to the white square in Fig. 2(c) . The interference patterns are remarkable and the shifts seen in the phase distribution confirms the interference behavior. By plotting in Fig. 2 (e) an unwrapped phase along the z direction at a defined y (blue line in Fig. 2(d) ), we can deduce the angle η and thus ξ from the slope tan φ of the unwrapped phase curve:
With Eq. (1), we obtain an angle η of 17 • 3 • and therefore ξ of 74.43 • 3 • , which is close to value given in Fig. 2(a) . The direction of the wave front is parallel to the hypotenuse verifying the interference between the transmitted and TIR signals.
Two-dimensional polymer gratings
This section discusses the diffracted field that arises through 2D gratings when an incident electromagnetic surface beam strikes the edge of a right-angle bend at an oblique angle γ. The incident beam illuminates the right angled isosceles gratings made in the PR layer. θ is adjusted by tilting the position of the gratings. The output beam lies in the platform plane and forms an angle α with respect to the normal of the gratings. We would like to notice that unlike previous experiments, in this section, the incident beam is directly coupled onto the PR layer. Its spot diameter is kept to 30 µm in order to include sufficient grating periods under illumination. Recall that the BSW can be generated for different couples (β , ω), therefore one can increase the incident angle θ and shift the wavelength to 1562.4 nm. In this case, the coupling condition falls onto the dispersion relation, where the coated 100 nm PR layer is considered (as seen in Fig. 3(a) ). The proposed device is schematically illustrated in Fig. 3(a) . Experimentally, we consider two gratings: one having a period Λ of 4 µm and a depth t of 2 µm, the other has a period of 6 µm and is 3 µm deep (t = 3 µm). Theoretically, the angles of the different diffraction orders can be calculated from the grating equation:
Where γ is the angle between the in-plane incident beam and the normal of the grating, α m is the diffraction angle of the m th order, λ is the incident wavelength, Λ is the grating period and m is an integer number that defines the diffraction order. Figure 3(b) shows the experimental nearfield distribution for the 4 µm period grating illuminated by an incident angle γ = 45 circ . One can see a multi-wave interference pattern between the diffraction orders for each period of the grating. It should be noticed that even if we have two diffraction orders, only one propagation direction is seen on the platform area outside the gratings due to the interference. The bright area of the intensity distribution indicates the position of the 0 th order. The intensity of the other order (minus first order, m = −1) is weak, only interference between the two orders (m = 0, −1) is detected. Note that the scanning time of the intensity map taken over 100µm × 100µm with a 1µm step is 100min. In order to quantify the direction of the diffraction orders, a fine scan with a step of λ /10 is done in the marked 12 µm × 12 µm square area and displayed in the inset of Fig. 3(b) . Theoretical results obtained according to Eq. (2) and experimental results are compared in Table 1 . It shows the angles for the different diffraction orders as well as the interference between them. Using the same method described in the previous section ( Fig.  3(e) ), the interference pattern has an angle α = 36 • ± 3 • which is in a good agreement with the calculated interference angle 35.99 • between the 0 th and the −1 st orders. In Fig. 3(c) , the incident angle γ is decreased to 32 • , one more diffraction order appears at the left side of the 0 th order, and it only owns a part of the whole field energy. There are two interference patterns, one between the 0 th and the 1 st diffraction orders and a second between the 0 th and the −1 orders. The measured angles, obtained from the inset phase of Fig. 3(c) , are α = 48 • ± 3 • and α = 23 • ± 3 • , respectively which are close to the calculated values shown in Table 1 . The new interference pattern is indicated by a green solid square in Fig. 3(c) compared to the dark area in Fig. 3(b) where the 1 st diffraction order does not exist. In Fig. 3d , we kept the incident angle to 32 • but the used grating period is 6 µm in order to confirm the effect of the grating period value on the interfered light. There are diffraction orders (1, 0 and −1) and two interference regions having 42 • 3 • and 26.4 • 3 • respectively. In addition, one can clearly observe that the fringe spacing is proportional to the period. One can see a very good agreement between theory and the near-field measurement.
As can be seen from Fig. 3(b)-3(d) , most field intensity is concentrated in the 0 th order. This is due to the weak refractive index contrast ∆n (0.055) of the device. In order to obtain better efficiency, the optical path difference should satisfy ∆nt = λ . Therefore, taken the current refractive index contrast (∆n = 0.055), increasing the efficiency can be obtained by increasing the structure thickness up to t = 28.4 µm, which is about 18 times the wavelength. Other possibility is to decrease the wavelength in order to have smaller thickness but t will remains greater than λ . This could be a challenge in spacing downscale of the structure size in integrated optics. However, one can increase the refractive index contrast ∆n to λ /t = 0.78 keeping the grating thickness to 2 m for full diffractive efficiency. Consequently, we confirm that the effective index contrast ∆n is a critical parameter that provides an efficiency improvement for minia- Table 1 . Theoretical and measured angles of the interference pattern.
turized structures. The 2D grating element may be an interesting solution for the investigation of Dammann gratings on the BSW based platform. By an appropriate design of the diffractive grating working in transmission, the diffracted wave can be modulated so that it generates a fun-out function.
Conclusion
In conclusion, 2D polymer optical elements are fabricated on top of the BSWs sustaining multilayer. Due to the low loss property of the dielectric-based multilayer, the platforms provides 628 µm of propagation length which is approximately 7 times what is obtained for SPPs. These properties offer a powerful platform with low propagation loss and high-energy source for 2D optics. Reflections and diffractions of BSWs are experimentally studied with 10 nm−thickness of polymer prism and two gratings with the aid of a multi-heterodyne scanning near-field optical microscope (MH-SNOM). Total internal reflection is verified by studying the near-field amplitude-phase of the reflected field on the hypotenuse. Next, the diffracted field that arises through 2D gratings when an incident electromagnetic surface beam strikes the edge of a rightangle bend at an oblique angle is observed in the near-field and analyzed. The measured angle of interference pattern which is caused by the diffraction orders agree with the theoretical prediction.
